Background and aims Fires can alter the elemental stoichiometry of ecosystems, reflecting altered patterns of biogeochemical cycling in the post-fire environment. However, elements other than carbon (C), nitrogen (N), and phosphorus (P) have rarely been studied in this context. Thus, we aimed to expand the understanding of fire's stoichiometric and biogeochemical effects to encompass a broader suite of biogenic elements. Methods We compared the stoichiometric ratios of C, N, P, potassium (K), sodium (Na), magnesium (Mg), and sulfur (S) in soil, plant litter, and beetles (Thalycrodes pulchrum) between forest plots that have been burned biennially at low intensity since 1972 and plots that have remained unburned. Results Multi-element stoichiometry differed strongly between the fire regimes. Low intensity biennial burning was associated with depletion of C, N, and S relative to P, K, and to a small extent Mg and Na, in soil and litter. The stoichiometry of T. pulchrum biomass was not significantly affected by fire regime, but fire regime-associated variation in the stoichiometry of T. pulchrum biomass was positively correlated with the fire-induced stoichiometric shifts in soil. Conclusions The effects of low intensity prescribed fire on ecological stoichiometry extend to Na, K, Mg, and S in ways consistent with the respective potentials of these elements to volatilize during fire or accumulate in the absence of fire. These effects vary among ecosystem components in a manner that reveals the importance of biological processes and constraints as factors that determine the nature, magnitude, and potential consequences of the stoichiometric signatures of fire regimes. We conclude that long-term changes in fire regime can disrupt or even decouple the biogeochemical cycles of numerous biogenic elements in the soil-plant system.
Introduction
As the global potential for wildfire continues to increase under climate change, there will be a long-term need to conduct fuel management (i.e. 'prescribed') burns with greater frequency, and over a greater area, in some forest ecosystems (Liu et al. 2010; Westerling et al. 2011) . Forest fires can trigger significant changes in the cycling of carbon (C) and nutrients within the soil-plant system by consuming biomass, depositing nutrient-rich ash, raising soil pH, mineralising organic forms of nutrients, and volatilising C, nitrogen (N), and sulfur (S; Weston and Attiwill 1990; Chambers and Attiwill 1994; Certini 2005; Urbanski et al. 2008) . Thus, long-term changes to prescribed fire regimes are likely to have significant consequences for the biogeochemical properties of forest ecosystems. For instance, sustained increases in fire frequency have been linked to depletion of ecosystem C and N stocks and declines in ecosystem productivity (Muqaddas et al. 2015; Pellegrini et al. 2018) . The responses of ecosystems to changes in fire regime are likely shaped in part by fire regime-altered biogeochemical cycling (Chen and Xu 2010) . An improved understanding of the effects of changes in fire regime on biogeochemical cycling will, therefore, be crucial to anticipating the trajectories of ecosystem structure, function, and stability under the novel fire regimes associated with climate change.
Importantly, terrestrial biogeochemical processes are inextricably linked to the stoichiometric ratios of elements in terrestrial ecosystem components (e.g. soil, plant tissues, or animal biomass; Sterner and Elser 2002; Mooshammer et al. 2012; Zechmeister-Boltenstern et al. 2015) . Prior studies have shown that recent or frequent fire events are associated with lower C: phosphorus (P) and nitrogen (N): P ratios in soil relative to equivalent unburned areas (Zhang et al. 2015; Hume et al. 2016; Butler et al. 2018a ). Similar patterns occur in plant and microbial biomass, although these stoichiometric shifts are further regulated by the nutritional status and requirements of the affected organisms (Toberman et al. 2014; Dijkstra and Adams 2015) . Fire-induced shifts in ecosystem C:N:P ratios likely signify disparate changes in the cycling of C, N, and P in the post-fire environment (Toberman et al. 2014) , and can disrupt ongoing biogeochemical processes including litter decomposition and nutrient uptake by plants and micro-organisms (Dijkstra et al. 2017; Butler et al. 2019a ). Thus, further investigations into the stoichiometric 'signatures' of different burning regimes could, therefore, yield important insights into the biogeochemical and ecological consequences of fire.
Previous investigations into the effects of fire regime on ecosystem stoichiometry have usually been focused on C:N:P ratios (Schafer and Mack 2010; Dijkstra and Adams 2015; Pellegrini et al. 2015; Butler et al. 2017a, b) . This is likely due to the frequently-limiting nature of N and P for primary production (Elser et al. 2007) , as well as the hypothesis that the stoichiometric signatures of different fire regimes are underpinned by the tendencies of soil C and N, but not P, to volatilise during fires and accumulate in the absence of fire (Walker and Syers 1976; Raison et al. 1984; Urbanski et al. 2008) . However, there are another eight chemical elements that are essential for all or most life-forms (oxygen [O] , hydrogen [H], potassium [K] , calcium [Ca] , magnesium [Mg] , sulfur [S] , chlorine [Cl] , and sodium [Na; although many plants do not have absolute requirements for Na]; Frausto da Silva and Williams 1991), and as many as twenty-five elements are used by different organisms to varying extents (Kaspari and Powers 2016). Like C:N:P ratios, different fire regimes could produce distinctive patterns in the stoichiometric ratios of these elements in soil because of fundamental differences in their physico-chemical properties and biogeochemical pathways. For example, S can be converted to gas (i.e. volatilized) and emitted as SO 2 during combustion (Hegg et al. 1987; Urbanski et al. 2008) , and this might have contributed to the lower levels of soil S that have been observed following fire in some studies (e.g. Boerner 1982 ). On the other hand, alkali metals and alkaline earth metals, having no common gaseous forms, are unlikely to volatilise during fires and might, therefore, have similar or higher concentrations in recently-burned soils relative to unburned soils due to the deposition of cation-rich ash on the soil surface (Ellis et al. 1983; White et al. 2007) .
Moreover, the degree to which potential fire-induced changes in soil 'multi-element stoichiometry' are subsequently reflected in other ecosystem components is unclear. Few studies have considered plants in this manner (e.g. Zhang et al. 2015) and, to our knowledge, none have considered heterotrophic organisms (e.g. animals and micro-organisms). Heterotrophic organisms include consumer and decomposer organisms, both of which play important roles in terrestrial biogeochemical cycling, and ultimately drive the return of C and nutrients from plant tissue to soil . Heterotrophs usually have higher, as well as stricter, requirements than plants for most elements (Filipiak and Weiner 2017; Kaspari and Powers 2016; Sterner and Elser 2002) . As such, fire-induced changes in the multi-element stoichiometry of heterotroph biomass, or in that of their resource base (i.e. soil and plant material), could have significant yet underappreciated implications for organic matter decomposition, nutrient recycling, and the trophic habits, physiological traits, and community composition of heterotrophic organisms (Watts et al. 2006; Bertram et al. 2009; Visanuvimol and Bertram 2010; Ott et al. 2014; Zhang et al. 2014; Fagan et al. 2002) .
Thus, we investigated the effects of two strongly contrasting fire regimes (long-term, high-frequency prescribed burning versus fire exclusion) on the multielement stoichiometry of soil, plant litter, and animal biomass in a wet eucalypt forest ecosystem. We used a common forest floor-dwelling beetle, Thalycrodes pulchrum Blackburn (Nitidulidae), as a focal taxon to represent animals and heterotrophic organisms more generally. We focused on plant litter rather than plant live tissue because (a) litter decomposition is a fundamental step in the terrestrial biogeochemical cycle that is sensitive to litter stoichiometry (e.g. Enríquez et al. 1993 ); (b) litter represents a convenient, natural mixture of the various plants that comprise the vegetation community; and (c) litter chemistry is subject to regulation by the plant but is also potentially sensitive to changes in soil nutrient availability (Ågren 2008) . Our research questions were (i) how do long-term fire regimes affect ecosystem multi-element stoichiometry and (ii) how do the effects of fire regime on ecosystem stoichiometry vary among ecosystem components (soil, plant litter, and animals). We expected that recent, frequent fire would be associated with depletion of soil C, N, and S relative to other elements due to the strong tendencies of C, N, and S to volatilise at high temperatures. Furthermore, we expected that similar stoichiometric 'shifts' would be evident in plant litter and animal biomass. However, given the increasing strength of stoichiometric homeostasis from soil to plants to consumers, we predicted that stoichiometric shifts would be greatest in soil, intermediate in plant litter, and smallest in animal biomass.
Materials and methods

Study site and sampling
The study was conducted in the Peachester State Forest (hereafter 'Peachester'; 26°52′S, 152°51′E) long-term prescribed burning experiment in south-east Queensland, Australia. Peachester has a subtropical climate with an average daily temperature of 23.3°C and a mean annual precipitation of 1684 mm (Bureau of Meteorology 2018). Vegetation at Peachester is wet eucalypt forest dominated by Eucalyptus pilularis, with E. resinifera, Corymbia intermedia and Lophostemon confertus also common. Peachester soils have been classified as Yellow Kandosols in the Australian soil classification, equivalent to Alfisols in the USDA soil taxonomy. The soils at Peachester are acidic to strongly acidic (Table 1) , reflecting their highly-weathered nature; however, soil pH values at Peachester are not outside the normal range for subtropical eucalypt forests (Chen et al. 2005) . The prescribed burning experiment at Peachester was initiated in 1969 and consists of three randomised, replicated fire regime treatments: unburned since 1969 (NB), burned every four years on average since 1972, and burned every two years on average since 1972 (2yB). The original experimental design at Peachester consisted of four replicate plots (each ca. 800 m 2 in area) for each fire treatment. For our experiment, we considered only the NB and 2yB treatment plots, and subdivided each of these into three smaller sub-plots (ca. 5 × 5 m in area) that were separated by at least 20 m, giving twelve sub-plots per treatment.
Although the field trial at Peachester fits the criteria of a completely randomised design, our selection of treatments and plots resulted in an experimental layout in which the fire regime sub-plots were not spatially interspersed. This was essentially unavoidable and is typical of field trials in fire ecology. However, the plot layout at Peachester was originally designed based on uniformity of soil and vegetation across the entire site before the fire regimes were introduced. Thus, we consider plots to be independent ('true') replicates and are confident in our attribution of effects to fire regime rather than natural spatial variation.
We collected samples from both treatments in March of 2016, thirty-one months after the most recent fire in the 2yB treatment. The time since fire is greater than two years in the 2yB treatment because the Peachester prescribed fire treatments were concluded in 2013. We note here that the difference in time since fire between the 2yB and NB treatments (thirty-one months and ca. forty-six years respectively) means that fire frequency and time since fire are confounded, such that treatment effects are most accurately attributed to fire 'regime', rather than either fire frequency or time since fire exclusively.
Invertebrates were collected using pitfall traps, with each pitfall trap array consisting of five 120 mL jars containing 50 ml of 70% ethanol, spaced roughlyevenly apart within a 1 m 2 area. Pitfall trapping jars were individually covered with small plastic squares that were suspended above the ground to prevent ethanol evaporation and potential disturbance by rainfall, and were re-collected after three days in the field. On the same day as pitfall trap retrieval, litter samples were collected from the forest floor surrounding the pitfall trap arrays using a 25 × 25 cm quadrat, with each sample comprised of three bulked quadrat samples. Samples of surface soil (0-5 cm) were collected from underneath litter samples. The three soil sub-samples were bulked together to form one composite soil sample for each subplot.
Laboratory methods
Immediately after returning from the field, the invertebrates in half of the pitfall traps (six per fire regime treatment, selected at random) were removed from the ethanol, rinsed briefly in deionized water and frozen at −20°C. These specimens were later subjected to elemental analysis. There is some evidence that ethanol immersion can affect measurements of invertebrate elemental content (Rożen et al. 2015) ; however, for comparative studies of highly sclerotised taxa, ethanol immersion periods of up five days appear to be acceptable (Butler et al. 2018b) . The potential effect of ethanol immersion was the reason we extracted only twelve pitfall trap's worth of invertebrates, as that was how many traps we were able to process within the five-day period (which began on the day of pitfall trap installation). For the twelve remaining pitfall traps, we counted the number of individuals within the Order Coleoptera. We also made counts of Coleoptera in the samples that had been initially frozen. After counting and sorting, we selected the beetle Thalycrodes pulchrum Blackburn (Nitidulidae; Kirejtshuk and Lawrence 1992) as a focal species due to its high abundance and because it was present in all sampling plots. The Nitidulidae family has a diverse feeding ecology, and includes fungivores, herbivores, saprophages, and possibly some predatory taxa (Grimbacher and Stork 2007) . Thalycrodes pulchrum have been observed on fungi, and as a result have been referred to as fungivorous (Collett 2003) . Little is known about the ecology of this species (Kirejtshuk Table 1 Basic chemical properties of soil, fine litter, leaf litter, and Thalycrodes pulchrum biomass (means ± standard errors; n = 4) compared between unburned (NB) and biennially-burned and Lawrence 1992) and fungivory may be only one aspect of its feeding strategy. In any case, prior studies at Peachester indicate that soil and litter microbial biomass C:N:P stoichiometry varies significantly between fire frequency treatments (Toberman et al. 2014; Butler et al. 2019a, b) ; therefore, the commonness, abundance, and possibly mixed (but likely nonpredatory) feeding ecology of T. pulchrum make it a useful focal taxon for our study. Soil samples were air-dried, sieved to 2 mm, and then finely ground prior to chemical analyses. Litter samples were initially sieved at 4 mm to separate the 'leaf' litter layer (i.e. mainly leaf material and a small component of flowers, seeds and small stems which are either freshlyfallen or at an early stage of decomposition) from the Fand H-litter layers (i.e. fermentation and humus layers, which consist of fragments of partially or highlydecomposed organic matter of plant origin, hereafter referred to as 'fine litter'). A portion of each litter sample was subsequently oven dried at 60°C for three days and then finely ground. The pH and electrical conductivity (EC) of air-dried soil samples and fresh litter samples were measured in a water solution (1:5 sample to water ratio). The total C and N content of the dried and ground soil and litter samples (sample weights of ca. 0.5 g and 0.15 g respectively) were then determined by dry combustion with a LECO CN analyser (TruMac No. 830-300-400). Total P, S, K, Mg, and Na concentrations of soil and litter samples were determined by inductivelycoupled plasma mass spectrometry (ICP-MS). Prior to ICP-MS, soil samples (ca. 0.2 g) were digested with concentrated HNO 3 in a microwave (Hill et al. 2010; Kirkby et al. 2013) , and litter samples (ca. 0.2 g) were digested with HNO 3 and HClO 4 in a heated digestion block (Jackson 1958) .
The twelve samples of T. pulchrum used for chemical analyses were oven dried at 60°C for three days. Each of these samples consisted of 6-8 whole individual T. pulchrum specimens. The samples were subsequently weighed on a five-decimal balance. Total C and N content of T. pulchrum samples (1.5 mg per measurement, equivalent to 2-3 whole individuals that had been gently pulverised with a mortar and pestle) was determined using an isotope ratio mass spectrometer (Isoprime-EuroEA 3000; Isoprime, Milan, Italy). A further 8-10 mg of T. pulchrum samples (whole, unpulverised individuals) were digested with nitric and perchloric acid in a heated digestion block prior to measurement of total P, S, K, Mg and Na via ICP-MS.
Calculations and statistical analyses
We calculated stoichiometric ratios (on a mass basis) for each combination of elements, giving the following twenty-one ratios: C:N, C:P, C:Na, C:K, C:Mg, C:S, N:P, N:Na, N:K, N:Mg, N:S, P:Na, P:K, P:Mg, P:S, Na:K, Na:Mg, Na:S, K:Mg, K:S, and Mg:S. We note here the choice of which element was numerator and which was denominator in these ratios was largely arbitrary. This has no effect on our results or conclusions because all pairwise combinations are represented equally.
All statistical analyses were performed using R (version 3.5.3; R Core Team 2019). To assess the effect of fire regime on the various properties of soil, litter, and T. pulchrum, we used Welch's two sample t-tests. For this analysis we used replicate plot averages of each property as individual observations (therefore, n = 4 per fire regime treatment) to account for potential autocorrelation among sub-plots within a given replicate plot. Additionally, we used Principal Component Analysis (hereafter 'PCA'; from the package 'vegan' in R; Oksanen et al. 2018 ) to explore fire regime-induced changes in the overall chemical properties of our samples. Here we used measurements of each sub-plot as individual observations (therefore, n = 24 for soil and litter, and n = 12 for T. pulchrum biomass) and analysed each ecosystem component separately. For soil and litter, the variables included in PCAs were pH, EC, and total elemental concentrations, while for T. pulchrum only total elemental concentrations were used. The PCAs were performed on the correlation matrices to account for the numerical differences and the differences in measurement units among the respective variables. To complement the PCA analyses, we used the 'adonis' feature of the 'vegan' package in R to perform permutational analyses of variance (hereafter 'PERMANOVAs'; Oksanen et al. 2018) to assess the significance of the effect of fire regime on the overall chemical properties of soil, litter, and T. pulchrum biomass. The PERMANOVAs were based on the Bray-Curtis dissimilarities among sub-plots.
We also explored patterns of stoichiometric homeostasis among the twenty-one different elemental ratios and ecosystem components (soil, fine litter, leaf litter, and T. pulchrum biomass) under contrasting fire regimes. To do this, we used a 'meta-analytical' approach, wherein each ratio × ecosystem component combination was treated as a separate observation (e.g. soil C:N ratio = one observation). Using these observations, we assessed patterns of variation among the various ratios and among the four ecosystem components. Specifically, we calculated log-transformed response ratios (lnRRs) for each stoichiometric ratio using the formula:
where Xi is the mean of the i th stoichiometric ratio (e.g. C:N). Values of lnRR = 0 indicate that the 2yB mean value for the variable in question was exactly equal to the NB mean value, while values of lnRR >0 and < 0 indicate that 2yB mean values for the variable were larger and smaller, respectively, than the NB mean values.
We then used Pearson's correlation analyses to assess relationships among the lnRRs of soil, fine litter, leaf litter, and T. pulchrum biomass to determine whether the variation associated with fire regime (regardless of statistical significance in Welch's two sample t-tests) tended to be consistent among the ecosystem components. Finally, we calculated the absolute values of lnRR (hereafter '|lnRR|') and used these in a one-way analysis of variance to test for differences in the size or magnitude (but not direction) of stoichiometric shifts among ecosystem components. This analysis serves as an indication of the strengths of overall stoichiometric homeostasis across all ratios for a given ecosystem component. However, given that the use of absolute values results in a 'folded' normal distribution, we can draw no conclusions about whether or not the true mean effect size magnitude is significantly different from zero. We note that these meta-analytical approaches have other limitations, most notably that ratios including the same element (e.g. C:N, C:P, etc) are not truly independent measurements. Thus, while this non-independence is unavoidable, we consider the 'meta-analytical' aspects of our study to be exploratory and only semi-quantitative, rather than definitive results.
Results
Fire regime-induced stoichiometric shifts
Fire regime treatment had numerous significant effects on the chemical properties of soil, litter, and T. pulchrum samples (Table 1) . Soil pH was higher in 2yB than NB, while soil EC was lower. On the other hand, litter pH was not affected by fire regime, but leaf litter EC was higher in 2yB than NB. Soil total C, N, and S were 43.6%, 55.9%, and 63.2% lower, respectively, in 2yB than NB. Other elements in soil were not significantly affected by fire regime. Total N concentrations in fine litter and leaf litter were 34.4% and 27.0% lower, respectively, in 2yB than NB. Fine litter S concentrations were 47.6% lower in 2yB than NB. Fire regime did not have significant effects on the concentrations of any other elements in fine litter and leaf litter. Total elemental concentrations in T. pulchrum biomass were not affected by fire regime (Table 1) .
Fire regime had numerous significant effects on the multi-element stoichiometry of soil, fine litter, and leaf litter ( Fig. 1, Supplementary Figures S1-3) . For each of these ecosystem components, C:N ratios were significantly higher, and C:P ratios significantly lower, in 2yB relative to NB (Fig. 1a-c and e-h). On the other hand, C:Na and C:Mg ratios were not affected by fire regime in any of those ecosystem components (Fig. 1i -k and q-s). Soil and fine litter C:K ratios were significantly lower, and C:S ratios significantly higher, in 2yB than NB (Fig.  1m-v) , but leaf litter C:K and C:S ratios did not vary based on fire regime (Fig. 1o,w) . Nitrogen:P and N:K ratios in soil, fine litter, and leaf litter were significantly lower in 2yB relative to NB (Fig. S1a-c) . Nitrogen:Na ratios were lower in 2yB leaf litter than NB leaf litter, but this effect was not present in soil or fine litter ( Fig. S1eg ). Soil N:Mg ratios were lower in 2yB than NB (Fig.  S1 m) , and a similar effect was evident for leaf litter (P = 0.056), but not fine litter. Nitrogen:S ratios in soil and fine litter were higher in 2yB compared to NB, while leaf litter N:S ratios did not vary with fire regime (Fig. S1q-s) .
Phosphorus:Na ratios tended to be higher in 2yB than NB leaf litter (P = 0.057), but this effect was not evident for soil or fine litter (Fig. S2a-c) . On the other hand, P:K ratios of soil and fine litter, but not leaf litter, were significantly lower in 2yB relative to NB ( Fig. S2e-g) . Fine litter and leaf litter P:Mg ratios were higher in 2yB than NB (Fig. S2j,k) , as were soil, fine litter, and leaf litter P:S ratios (Fig. S2 m-o ). Soil P:Mg ratios were not affected by fire regime (Fig. S2i ). Soil Na:K ratios were significantly lower in 2yB than NB, but this effect was not evident in fine litter or leaf litter (Fig. S3a-c) . Sodium:Mg ratios did not vary based on fire regime in soil, fine litter or leaf litter. Sodium:S ratios tended to be higher in 2yB soil (P = 0.067) and were significantly higher in 2yB fine litter relative to the NB treatment, while leaf litter Na:S ratios were not affected by fire Fig. 1 Carbon: element ratios in soil, fine litter, leaf litter, and Thalycrodes pulchrum biomass, compared between unburned (NB) and biennially-burned (2yB) fire regime treatments in Peachester State Forest, Australia. Means (red asterisks) and Pvalues from Welch's two-sample t-tests are provided (n = 4 in all cases; statistical significance determined at P < 0.05) regime treatment. Potassium:Mg and K:S ratios in soil, fine litter, and leaf litter were higher in 2yB than NB (Fig. S3 m-o & q-s). Magnesium:S ratios of soil and litter were significantly higher in 2yB than NB, but leaf litter Mg:S ratios were not affected by fire regime treatment.
None of the stoichiometric ratios measured in T. pulchrum biomass were significantly affected by fire regime. One possible exception was the Na:K ratio, which was 44.9% lower in 2yB (mean ± standard error: 0.75 ± 0.19) compared to NB (mean ± standard error: 1.36 ± 0.21). However, the difference between means was not statistically significant based on our t-test comparison (P = 0.075).
The results of our PCAs further demonstrated a clear effect of fire regime on the chemical properties of soil and litter based on the first two principal components (Fig. 2) . The first two principal components accounted for 91.5%, 63.5%, 67.8% and 72.4% of variation in chemical properties of soil, fine litter, leaf litter and T. pulchrum biomass, respectively. PERMANOVAs indicated that chemical properties of soil, fine litter, and leaf litter were significantly different between 2yB and NB based on Bray-Curtis dissimilarities, consistent with PCA ordinations (Fig. 2) . This effect was not evident for T. pulchrum biomass. For soil, PC1 was most strongly correlated with readily-volatilised elements (N, S, and C; with loadings, or r = −0.42, −0.41 and − 0.41, respectively; Fig. 2a ; P-values <0.05), while PC2 was most strongly correlated with K (r = 0.57; P = 0.004) and P (r = 0.50; P = 0.013). A similar pattern occurred for fine litter (Fig.  2b) , with PC1 being highly correlated with N, C and S (r = −0.47 for all three elements; P = 0.020), and PC2 highly correlated with K (r = −0.60; P = 0.002) and P (r = −0.51; P = 0.011). For leaf litter PC1 was most strongly correlated with P and K (r = −0.46 and − 0.45 respectively, P-values <0.05; Fig. 2c ), and PC2 with Mg, S and N (r = 0.49, 0.48 and 0.46 respectively; P-values <0.05). Results of PCA for T. pulchrum indicated that Mg and Na were most strongly correlated with PC1 (r = −0.53, P = 0.076 for Mg; r = −0.52; P = 0.083 for Na; Fig. 2d ), and K with PC2 (r = 0.67; P = 0.017).
Patterns of stoichiometric homeostasis among elements and ecosystem components
Our analysis of the actual and absolute values of lnRRs (log-transformed response ratios) indicates that soil stoichiometric ratios with K as denominator (i.e. Element:K ratios) were most negatively affected by biennial burning relative to fire exclusion (Fig. 3a) , followed by Element:P and Element:Mg ratios, which were equally affected. Similarly, Element:S and K:Element ratios tended to be most positively affected by biennial burning. With some exceptions (i.e. Na:K, C:K, Na:S), stoichiometric ratios that included C and Na tended to have smaller values of lnRR, and lnRR for C:Na = 0.02. These reported patterns applied to soil lnRRs specifically, but we found that the lnRRs for fine litter, leaf litter, and T. pulchrum biomass stoichiometry were significantly positively correlated with lnRRs of soil stoichiometry (Fig. 3b) . Thus, stoichiometric shifts were reasonably consistent among the four ecosystem components in our study. However, the magnitude of fire regime-induced stoichiometric shifts (averaged over all 21 stochiometric ratios) was significantly greater in soil than leaf litter and T. pulchrum and did not differ significantly between soil and fine litter (Fig. 3c ).
Discussion
Our results are consistent with our prediction that fire would shift the multi-element stoichiometry of soil away from C, N, and S, and towards P and group one and two biogenic elements (particularly K, but also Na and Mg in some cases). This suggests that the dominant mechanisms driving fire regime-induced shifts in soil stoichiometry at Peachester are indeed volatilisation and ash deposition in the 2yB treatment, and ongoing accumulation of C and N in the NB treatment. Prior studies have shown similar effects for C, N, and P in soil (Turner et al. 2007 (Turner et al. , 2008 Hume et al. 2016; Keiser et al. 2016) , but other elements have rarely been considered in the context of fire-affected soil stoichiometry. One exception, Zhang et al. (2015) , showed that N:K ratios of soil and plant foliage were lower in burned areas of an alpine meadow on the Qinghai-Tibet plateau compared to equivalent unburned areas. While this is consistent with our findings, Zhang et al. (2015) only considered ratios of C, N, P, and K, so we have limited ability to compare their findings to our own. More recently, Kong et al. (2018) reported that soil N:P ratios were not affected by fire regime, and that soil N:K, P:K, and S:K ratios were higher in burned areas relative to adjacent unburned areas. This is somewhat incongruent with our findings (Fig. S1a,i; Fig. S2e; Fig. S3q ). However, Kong et al. (2018) measured 'available' concentrations of these elements in soil using plant root simulator probes, while we measured total elemental concentrations. The stoichiometry of 'available' soil nutrients reflects antecedent and ongoing transformations among pools of a given nutrient (e.g. mineralisation of organic nutrient pools or immobilisation of inorganic nutrient pools) rather than total quantities of nutrients in soil. Thus, the high available N:nutrient ratios observed by Kong et al. (2018) in recently burned areas likely reflect fire-stimulated biological or thermal mineralisation of organic N (Weston and Attiwill 1990) . Within-soil transformations between nutrient pools were not incorporated into our hypothesis, which focused on fire-associated pathways of overall loss and gain of nutrients from soil. Thus, we consider the findings of Kong et al. (2018) to be complementary, rather than contradictory, to our own findings.
However, it should also be noted that Kong et al. (2018) focused their research on 'one-off' wildfire events in a boreal coniferous forest, while we focused on repeated, low intensity prescribed fires in a wet eucalypt forest. Prior study indicates that the C:N:P stoichiometric signature of fire in soil can vary considerably based on fire regime (e.g. fire intensity, fire frequency, and time since fire) and site characteristics (e.g. vegetation, soil type, and topography; e.g. Butler et al. 2017b ). This is because fire regime and site characteristics are directly related to processes of C, N, and P loss and recovery in the post-fire environment (e.g. Grogan et al. 2002; García-Oliva et al. 2018) . Similar processes likely influence the effect of fire on elemental ratios other than C:N:P ratios (e.g. Ice et al. 2004) . For example, high intensity wildfires can cause significant losses of P, but also of K, Mg, and Na, from ecosystems through ash convection (Harwood and Jackson 1975; Mackensen et al. 1996) . Our data suggest that this process has probably not occurred to a great extent in the 2yB treatment (Table 1) , which is consistent with the low intensity of the prescribed burns at Peachester. It seems plausible, however, that ash convection during high intensity fires (i.e. wildfires) could reduce the magnitude of fire-induced shifts in the levels of C, N, and S relative to levels of P and alkaline metals. Likewise, post-fire erosion and leaching are more likely to occur in steeply-sloped and denuded areas, and these loss pathways could affect the various elements to different degrees depending on their mobility in soil (e.g. Weston and Attiwill 1990) . Peachester has a gentle slope and burns are conducted during the dry season. While these factors might facilitate some degree of wind-driven erosion following fires, they are likely to limit post-fire nutrient run-off and leaching in the 2yB treatment. Thus, the site and fire regime characteristics at Peachester are probably particularly conducive to the predictable stoichiometric shifts observed in our study, because those characteristics likely ensured that volatilisation and ash deposition were the dominant and most consistent drivers of stoichiometric shifts in 2yB soils. We suggest, therefore, that the stoichiometric effects of prescribed burns on flat terrain can be predicted with greater consistency than those of wildfires or fires on sloped terrain.
Nevertheless, our study demonstrates that the effects of recent, frequent fire on soil stoichiometry can be predicted, at least qualitatively, for a broad suite of biogenic elemental ratios under some circumstances. However, our results for litter and T. pulchrum stoichiometry also show how the effects of fire on ecosystem stoichiometry, while likely initially triggered by physico-chemical mechanisms, are subsequently regulated or augmented by biological mechanisms. In particular, differences among the respective nutrients in the rates at which they are obtained and subsequently released by plants (i.e. 'within-stand' nutrient cycling, sensu Vitousek 1984) have clear consequences for the nature and magnitude of fire-induced shifts in the stoichiometry of litter. This is illustrated well by the stoichiometric shifts evident in soil and litter among P, K, Mg, and Na (Figs. S2 & S3) , because all of these elements are unlikely to volatilise below 500°C (Boerner 1982) . In the case of K, which tended to be enriched relative to other elements, these effects suggest that K is being cycled more passively or 'luxuriantly' than other elements in the 2yB treatment, such that uptake and resorption of K have increased and decreased in equal proportions, probably in response to an initial spike in soil K levels following ash-deposition. Fig. 3 a Ranked responses, expressed as log-transformed response ratios (lnRRs = ln(X ̅ 2yB / X ̅ NB ), of each soil stoichiometric ratio to differences in fire regime (n = 4 for each response ratio); b matrix of Pearson's correlation coefficients (r) of stoichiometric ratio lnRRs among ecosystem components (S = soil, FL = fine litter, LL = leaf litter, Tp = Thalycrodes pulchrum), where correlations of lnRRs between two ecosystem components were significant (determined at P < 0.05), heat map cells are denoted '*' (n = 21); c absolute values of lnRRs compared among ecosystem components (with means shown as red asterisks), one-way ANOVA test statistics provided along with results of Tukey's posthoc means comparison (different letters indicate significant differences among means with P < 0.05, shared letters indicate no significant difference among means; n = 21) Luxury uptake is thought to occur for K to a greater extent than other nutrients (Gilliam 1988) , and K cations are highly mobile in soil solution and in plant tissues. Thus, in the 2yB treatment large amounts of K are likely being taken up by plants and subsequently returned to soil via litterfall and subsequent decomposition. On the other hand, plants may be preferentially taking up and retaining P and Mg such that any post-fire increases in the levels of those nutrients in 2yB soil are rapidly sequestered by plant biomass. Interestingly, P:Mg ratios were higher in 2yB than NB litter, indicating that the plant community has become more conservative with Mg relative to P. The reason for this is unclear but might involve an 'easing' of the P-limitation characteristic of vegetation in Australian eucalypt forests in response to the enhanced P availability associated with recent burning (Guinto et al. 2002; Kirschbaum et al. 2006; Tng et al. 2014; Dijkstra and Adams 2015) . It also seems likely that soil chemical processes might have contributed to this result and others; in particular, differences among the various nutrients in the strength of their associations with soil minerals could influence the 'availability' of fire-mineralised nutrients to plants in the post-fire environment (e.g. Schaller et al. 2015) .
The degree to which plant-mediated nutrient cycling influences fire regime-associated shifts in ecosystem stoichiometry is further demonstrated by soil and fine litter N:S ratios, which were 17.4% and 18.5% higher, respectively, in the 2yB treatment than in the NB treatment (Fig. S1 ). This might indicate that S volatilises more readily than N, but S and N are generally thought to volatilise within a similar temperature range (Boerner 1982) . Instead, we suggest that ecosystem S stocks have a slower rate of post-fire re-accumulation than ecosystem N stocks. Indeed, ecosystem N stocks can recover following fire through biological fixation of atmospheric N by plants (Newland and DeLuca 2011; Muqaddas et al. 2015) and N deposition. While this process is not necessarily rapid (Tierney et al. 2019) , it is likely to proceed more quickly than re-accumulation of ecosystem S, which is driven primarily by S deposition only (Edwards 1998) . Indeed, research on the Franz Josef chronosequence in New Zealand suggests that soil N accumulates more rapidly than S (as evidenced by increasing soil N:S ratios over time), at least in early chronosequence stages (Turner et al. 2016) . This might mean that S-limitation of biogeochemical processes (i.e. primary production, decomposition) plays a greater role in frequently-burned ecosystems than is otherwise appreciated, particularly after any short-term, positive effects of fire on soil nutrient availability have dissipated. A fuller understanding of the relative rates of postfire re-accumulation of ecosystem element stocks will be essential to predicting states of biological nutrient limitation in fire-affected ecosystems. Thus, detailed longitudinal studies of the post-fire dynamics of multiple elements including, but not limited to C, N, P, K, Na, Mg, and S, are warranted.
The finding that plants played an active role in the regulation of fire regime-induced stoichiometric shifts is consistent with other research that showed how the nutrient limitation status of a given plant (as indicated by foliar N:P ratio) determined the nature of fire-induced shifts in foliar N:P ratios (Dijkstra and Adams 2015) . This was viewed as evidence that the short-term increases in soil N and P availability following fire events can enable plants to optimise their tissue N:P stoichiometry and, by extension, their growth rates (Dijkstra and Adams 2015) . An important difference between our study and that of Dijkstra and Adams (2015) is that we considered litter stoichiometry rather than foliar stoichiometry. Litter stoichiometry is a product of foliar resorption processes and, therefore, reflects the relative differences among elements in the energetic trade-offs between acquiring that element from the environment (i.e. from soil, or from the atmosphere in the case of C) versus re-absorbing that element from senescing tissue prior to leaf abscission (Wright and Westoby 2003) . By applying similar reasoning to that of Dijkstra and Adams (2015) , we conclude that efforts to obtain the 'ideal' trade-off across a range of elements have caused the 2yB vegetation community to become more conservative with N and S, and less conservative with P, K, and to a smaller extent Mg, compared to the NB vegetation community. The within-stand cycling of Na, which, while sometimes beneficial, is generally not as important for plants as N, P, K, S, or Mg (Marschner 1995; White and Brown 2010) , has remained unaffected by fire regime (Table 1; Fig. 1i ).
Although variation in within-stand element cycling processes is likely to have played a substantial role in driving the effects of fire regime evident in our study, it is also possible that changes in plant community composition played a role. While the composition of dominant canopy species has not been altered by fire regime, as these trees are older than the fire regime experiment, the understory species mixture varies substantially between the 2yB and NB treatments. In particular, the 2yB understory contains more fire-tolerant grasses (i.e. Imperata cylindrica) while the NB understory contains more taxa associated with Australian subtropical rainforest (Lewis et al. 2012) . These taxa might differ in terms of litter stoichiometry such that changes in their contribution to community-level litter biomass might drive some of the variation in community-level litter stoichiometry observed in our study. The effects of the Peachester fire regimes on soil microbial community composition (e.g. Shen et al. 2016 ) might have exerted similar or equivalent influences over soil chemistry, particularly given the central role of soil microorganisms in nutrient cycling. Moreover, the NB and 2yB understorey vegetation might have substantially different age structures, with potential implications for litter stoichiometry. However, the majority of litter biomass in our samples was likely contributed by the dominant canopy species (i.e. E. pilularis), so we suggest that the potential role of plant community compositional shifts was likely secondary to within-stand cycling pathways. This view is supported by the clear effects of fire regime on the C:N:P stoichiometry of E. pilularis litter observed in other studies at Peachester (Toberman et al. 2014; Butler et al. 2019a) .
In strong contrast to soil and plant litter, no single stoichiometric ratio in T. pulchrum biomass was significantly affected by fire regime (Figs. 1, S1-3) . This is consistent with animals having stronger stoichiometric homeostasis than autotrophs (Sterner and Elser 2002) . However, our meta-analytical approach revealed that, when examined together, the twenty-one stoichiometric ratios in T. pulchrum varied with fire regime in a manner that was statistically similar to the stoichiometric ratios of soil. This suggests that fire regime had a subtle influence on T. pulchrum biomass stoichiometry, but not one that was statistically significant for any particular ratio. This might be one reason why the average stoichiometric homeostasis did not differ significantly between T. pulchrum and plant litter (Fig. 3c ), contrary to our expectations, along with the large differences in homeostasis among certain elemental ratios (e.g. C:Na versus K:S), which would have greatly increased variation around the homeostasis means. This subtle effect of fire regime on T. pulchrum stoichiometry might have been due to variation in the stoichiometry of T. pulchrum gut content (Wightman 1981) , but it could also indicate genuine variation in the stoichiometry of T. pulchrum tissue that reflects altered physiology (e.g. Huberty and Denno 2006; Visanuvimol and Bertram 2011) . In either case, changes in the stoichiometry of consumer biomass could have important implications for ecosystem process, particularly consumer driven nutrient recycling. Given that this aspect of our study was somewhat preliminary, additional studies encompassing a wider range of consumer taxa and with larger sample sizes are warranted.
Overall, our results demonstrate that different fire regimes can have clear, characteristic effects on ecosystem stoichiometry. Patterns of elemental stoichiometry in ecosystems are strongly constrained by the elemental requirements of metabolic processes and the consequential coupling of the various elemental cycles that manifests on organismal, ecosystem, and global scales (Sterner and Elser 2002; Cleveland and Liptzin 2007; Falkowski et al. 2008; Redfield et al. 2010) . Thus, the sharply contrasting stoichiometry of the NB and 2yB soil-plant systems suggests that the biogeochemical cycles of C, N, P, Na, K, Mg, and S at Peachester have been profoundly disrupted and perhaps even decoupled by repeated biennial burning. This disruption appears to have been triggered by changes in the relative quantities and availabilities of nutrients in soil that are subsequently reflected in, and potentially augmented or maintained by, changes in the rates of uptake, retention, and release of nutrients by vegetation. Although the magnitudes of these effects are likely to decline with increasing time since fire in the 2yB treatment, our study shows that they are strong at thirty-one months post-burn. Moreover, the processes of volatilisation and ash-deposition that seemingly underpin these effects are not necessarily unique to the fire regime or site characteristics at Peachester (Butler et al. 2018a ). Thus, given that the frequency and extent of vegetation fires are increasing worldwide due to climate change (Liu et al. 2010) , our findings highlight yet another pathway through which anthropogenic activities might be disrupting biogeochemical cycles and altering the stoichiometry of organisms and ecosystems on a global scale (Bennet and Elser 2009; Sardans et al. 2012) .
Conclusions
Decadal-scale increases in the frequency of low intensity prescribed fire profoundly transformed the multielement stoichiometry of our wet eucalypt forest study ecosystem. The nature of these effects suggest that they were underpinned by differences among elements in (i) their potential to volatilize during the heat of combustion, (ii) their tendency to accumulate or become depleted in soil in the absence of fire, and (iii) the rate and manner in which they are acquired and released by plants. We thus conclude that decadal-scale changes in fire regime can disrupt the biogeochemical cycles of C, N, P, Na, K, Mg, and S in potentially predictable ways.
